Mutation or multiplication of the alpha-synuclein (Syn)-encoding gene is frequent cause of early onset Parkinson's disease (PD). Recent evidences point to the pathogenic role of excess Syn also in sporadic PD. Syn is a cytosolic protein, which has been shown to be released from neurons. Here we provide evidence that extracellular Syn induces an increase in surface-exposed glucose-related protein of 78 kDa (GRP78), which becomes clustered in microdomains of the neuronal plasma membrane. Upon interacting with Syn, GRP78 activates a signaling cascade leading to cofilin 1 inactivation and stabilization of microfilaments, thus affecting morphology and dynamics of actin cytoskeleton in cultured neurons. Downregulation of GRP78 abolishes the activity of exogenous Syn, indicating that it is the primary target of Syn. Inactivation of cofilin 1 and stabilization of actin cytoskeleton are present also in fibroblasts derived from genetic PD patients, which show a dramatic increase in stress fibers. Similar changes are displayed by control cells incubated with the medium of PD fibroblasts, only when Syn is present. The accumulation of Syn in the extracellular milieu, its interaction with the plasma membrane and Syn-driven clustering of GRP78 appear, therefore, responsible for the dysregulation of actin turnover, leading to early deficits in synaptic function that precede neurodegeneration.
Alpha-synuclein (Syn), a small soluble protein abundant in the brain, 1 is implicated in the pathogenesis of various neurodegenerative disorders, among them Parkinson's disease (PD). 2 Syn is the major component of intraneuronal inclusions found in the brain of PD patients. 3 Distinct mutations 4 as well as multiplications of the Syn-encoding gene (SNCA) [5] [6] [7] have been identified in families with genetic forms of PD. Moreover, genome-wide association studies correlated polymorphisms in regions of the SNCA gene to sporadic cases of PD. 8 Syn is a natively unfolded protein enriched in presynaptic terminals, where it dynamically associates with synaptic vesicle membrane and lipid rafts. 9, 10 A plethora of possible Syn interactors has been recognized 11 and among them cytoskeletal proteins. The influence of Syn on the microtubule-based cytoskeleton has been characterized in vitro. 12 Recently, 13 Syn has been shown to depolymerize actin cytoskeleton, a master regulator of synaptic function, 14 raising the possibility that the effects of Syn on synaptic vesicle dynamics are mediated by its interaction with actin.
Syn is localized in the cytosolic compartment, is released from cultured neurons and is present in biological fluids 15 indicating that Syn may also act extracellularly, participating in cell-to-cell transmission of pathology. Intraneuronal inclusions were found in healthy engrafted cells decades after transplantation in PD patients, and the host-to-graft transmission of Syn pre-formed fibrils has been demonstrated to occur in the mouse brain. 16 Here we show that exposure of neurons to extracellularly delivered wild-type (wt) or A30P-mutant monomeric Syn leads to cofilin 1 inactivation with the ensuing stabilization of microfilaments. These effects depend on Syn-driven clustering at the cell surface of the endoplasmic reticulum (ER) protein glucose-related protein of 78 kDa (GRP78). We propose actin cytoskeleton modification as the initial step in Syn-induced neurodegeneration, thereby actin and actinbinding proteins might constitute an effective target for screening and therapy of PD.
Results
Extracellular Syns stabilize the actin cytoskeleton. We previously demonstrated that Syn can physiologically control actin turnover, activity that is altered in the Syn A30P mutant. 13 As Syn is released from neurons, we wondered whether high levels of extracellular Syn could affect actin dynamics in a similar way. The morphology of the actin cytoskeleton was monitored in young hippocampal neurons after incubation for 1 h with 1 mM purified human recombinant wt or A30P Syn. The recombinant proteins were soluble and monomeric, as shown by fast protein liquid chromatography (FPLC) and Coomassie staining (Supplementary Figures 1A and B) . As compared with control samples, neurons exposed to extracellular Syns were enriched in actin structures ( Figure 1a) . The subtraction of b-tubulin III immunofluorescent areas from fluorescent phalloidin-stained areas revealed the actin protrusion areas (Supplementary Figure 2) , which were significantly increased in Syn-treated neurons (Figure 1b) . Syn-driven increase in actin structures was even more evident upon exposure to latrunculin A (LatA), 17 which, by sequestering actin monomers, induced almost complete depolymerization of actin in control neurons, whereas, in neurons incubated with Syns, spots of polymerized actin were scattered throughout the cell body and along the neurites. The effect of Syns was dose-dependent and the dose-response curve appeared left-shifted for the A30P mutant; the increased resistance of actin to depolymerization became significant after exposure to 0.1 mM A30P Syn and to 1 mM wt Syn (Figure 1c ). Microfilament stability was evaluated in mature neurons, in order to determine whether the effect of Syns was appreciable at later stages of development. As in young neurons, the exposure of 14 day(s) in vitro (DIV) neurons to extracellular wt or A30P Syn determined a significant increase in actin protrusion areas, which became more evident after LatA treatment (Figures 1d and e) .
The slowing in actin turnover induced by Syns might have functional consequences, such as defects in axon elongation in developing neurons. To address this possibility, 3 DIV neurons were exposed for 1 h to 1 mM Syns. The axons of neurons exposed to Syns showed an average 10% decrease in length (Figure 1f ).
Unfolded Syns and Syns released from neurons affect actin dynamics as the purified protein. In mouse brain, Syn is physiologically present in both monomeric and tetrameric form. 18, 19 To confirm that the observed activity of Syns on the cytoskeleton is due to the unfolded protein, purified Syns were denatured by boiling for 5 min, and were added to cultured neurons as above. Denatured and non denatured Syns affected the morphology of actin cytoskeleton in a similar way, inducing both a significant increase in actin protrusion areas and resistance to depolymerization (Figures 2a and b) . To exclude the possibility that the effect of Syn was due to fibril formation, we used three distinct Syn peptides: P34 (aa [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] , that is, the glycosphingolipid-binding domain of Syn, P61 (aa 61-78), that is, the cholesterol-binding domain of Syn that has been shown to aggregate 20, 21 and P12 (aa 12-23), a peptide with no recognized function. None of these peptides determined measurable effects on cytoskeleton stabilization, suggesting that the whole protein, monomeric and unfolded, is required for its action on microfilaments (Figures 2a and b) .
To evaluate whether Syns, released from neurons, could induce effects similar to the recombinant protein, we collected the culture media of neurons electroporated with constructs coding for wt Syn, A30P Syn or for green fluorescent protein (GFP) as control. Western blot analysis confirmed the presence of the exogenous proteins in cell homogenates as well as in the 48 h-conditioned media (Figures 2c and d) . After high-speed centrifugation of the media as in, 22 the bulk of wt and A30P Syn was detectable in the supernatant (S100), and only trace amounts (15%) were present in the pellet (P100), where the exosomal marker flotillin 1 was retrieved (Figure 2e) .
The S100 fraction of the medium isolated from GFP-or Syn-electroporated neurons was added to developing neurons in culture. Similarly to recombinant Syns (Figure 1a ), Syn-containing media induced stabilization of the actin network, with increased resistance to LatA-induced depolymerization and increase in actin protrusion areas (Figures 2f and g ).
These results indicate that the presence of high dosage of extracellular Syns, either released from overexpressing neurons or added as recombinant proteins to the culture medium, modifies actin cytoskeleton structure. Neurons show increased number of lamellipodia and filopodia and increased resistance to depolymerization, with A30P Syn being more potent than wt Syn in inducing these effects.
Extracellular Syns activate an intracellular signaling cascade leading to cofilin 1 inactivation. We investigated the signal transduction pathway(s) responsible for the actin stabilizing activity of extracellular Syns. Exposure of 14 DIV hippocampal neurons to 1 mM extracellular wt and A30P Syn for 1 h determined a two-and threefold increase, respectively, in the fraction of active GTP-bound Rac 1, recovered from neuronal lysates by pull-down assays (Figures 3a  and b ). Syns activate Rac 1 at B15-20% of the maximal value induced by GTPgS. Immunoblotting revealed that extracellular wt and A30P Syn determined a 1.5 and twofold increase, respectively, in the phosphorylation state of the Rac 1 effectors PAK 2 and cofilin 1 (Figures 3c and d) .
These results show that the formation of lamellipodia and membrane ruffles and the stabilization of microfilaments induced by Syns correlate with the activation of the effector proteins Rac 1, PAK 2, and cofilin 1, raising the possibility that these events have a causal role in determining the effect of Syns on cytoskeleton organization.
The changes in the dynamics of actin cytoskeleton represent early events responsible for functional deficits leading to degeneration of neurons. Therefore, we evaluated Syn-induced toxicity in neurons after chronic exposure to Syns by monitoring mitochondrial potential and cell mortality. At early time points, no difference could be detected between Syn-treated and untreated neurons. Only after exposure to recombinant Syns for 14 days, neurons exhibited mitochondrial damage and 30% of them showed membrane leakage due to cell death ( Supplementary Figures 3a-d) .
Extracellular Syns associate with GRP78 on the cell surface. To identify binding partners potentially mediating the action of extracellular Syns, homogenates from hippocampal neurons were separated by 2D SDS-polyacrylamide gel electrophoresis (PAGE). The few proteins recognized by purified wt or A30P Syn in an overlay assay ( Figure 4a ) were analyzed by MALDI-TOF. Among the proteins detected, we focused on GRP78, an ER chaperone detectable at the cell surface of different cell types, where it acts as a binding protein for various ligands. 23 To test the hypothesis that GRP78 may be enriched at the plasma membrane upon incubation with Syns, hippocampal neurons, incubated with 1 mM Syns for 1 or 4 h, were labeled with a membrane-impermeable biotin-conjugated compound and cell-surface proteins were pulled down. Immunoblot analysis (Figures 4b and c) showed a Bthreefold increase in surface-exposed GRP78 in neurons treated with extracellular Syns. Syns also appeared biotin-labeled, suggesting that extracellularly-delivered Syns bind to the cell surface of neurons.
GRP78 is known to translocate the plasma membrane in conditions of cellular stress. 23 However, GRP94, GRP78, phosphorylated eukaryotic translation initiation factor 2 subunit alpha (eIF2a) and activated caspase 3 levels were indistinguishable from controls (Figure 4d ), indicating no activation of the unfolded protein response (UPR) or increased apoptosis after 4 h of Syn treatment.
The localization of both GRP78 and Syns at the plasma membrane was suggestive for their reciprocal interaction at the cell surface. Immunoprecipitation (IP) experiments performed in neuroblastoma N2A cells exposed to wt or A30P Syn in the presence of the membrane impermeable cross-linker 3,3 0 -dithiobis [sulfosuccinimidylpropionate] showed that Syns are co-immunoprecipitated with GRP78, indicating their presence in a complex at the cell surface ( Figure 4e ). Consistent results were obtained in neurons biotin-labeled after incubation with Syns: the anti-GRP78 antibody was able to co-immunoprecipitate surface-bound biotin-labeled Syns (Figure 4f ).
In the presence of extracellular Syns, surface-exposed GRP78 is increased and clustered in microdomains. The presence of GRP78 and Syn on the external leaflet of the plasma membrane was demonstrated in live, intact neurons by atomic force microscopy (AFM) experiments. Neurons were incubated in the presence or absence of Syn and subsequently exposed to anti-Syn or anti-GRP78 antibodies ( Figure 5 ). The work required to detach the AFM functionalized probe, coated with a secondary antibody, from the primary antibody bound to specific antigens at the cell surface was evaluated. 24, 25 Distribution histograms ( Figure 5a ) and quantification of the distribution curves (Figure 5b ) show the increase in the normalized detachment work (w/w 0 ) that indicates the presence of Syn at the cell surface in neurons exposed to Syn for 1 h and incubated with anti-Syn antibody. In neurons incubated with anti-GRP78 antibody after exposure to Syn, GRP78 presence at the cell surface was increased, as compared with controls. Thus, the results obtained with colloidal probes demonstrated the presence of Syn on the external leaflet of the cell membrane, as well as the increased presence of GRP78 after treatment with Syn.
The distribution of Syn and GRP78 on the plasma membrane was evaluated by using a sharp functionalized AFM tip, which has reduced area of contact with the sample. Force maps were acquired on the neuronal cell body. Molecular recognition was evaluated by measuring the number of rupture events ( Figure 5c ) and the maximum rupture force (F max ) (Supplementary Figure 4) . After a 1 h incubation, Syn appeared localized at the cell surface of neurons in a non-homogeneous pattern, indicating the presence of preferential domains as binding sites. At the same time GRP78, almost absent in control conditions, was detected at the cell surface only after incubation of neurons with Syn and appeared enriched in specific microdomains of the membrane, similarly to Syn. Unspecific adhesion was evaluated in the presence of an excess of secondary antibody; in this case, the signals obtained with either antiSyn or anti-GRP78 antibody were below the recognition level ( Figure 5c and Supplementary Figure 4) .
Taken together, these results show that GRP78 is a potential binding partner for extracellular Syns in neurons through the formation of a complex that retains GRP78 molecules at the cell surface, and might act as a signaling platform for intracellular cascades.
GRP78 transduces Syn-driven stabilization of actin cytoskeleton. To determine whether GRP78 is required by Syns for triggering the activation of intracellular pathways, we downregulated GRP78 expression. Four days after electroporation with GRP78 targeted small interfering RNA (siRNAs), neurons exhibited a B60% decrease in GRP78 levels with respect to control neurons electroporated with scrambled siRNA (Supplementary Figures 5A and B) , without evident cytoskeletal alterations (Supplementary Figure 5C) .
Consistent with the data shown in Figure 1 , Syns induced an increased resistance to LatA-depolymerization in neurons electroporated with scrambled siRNA (Figures 6a and b , CTRL siRNA). Downregulation of GRP78 prevented the effects triggered by Syns, making actin resistance to depolymerization and areas of actin protrusions indistinguishable from those of control neurons (Figures 6a and b, GRP78  siRNA) . Consistently, in the absence of GRP78, Syn-driven inactivation/phosphorylation of cofilin 1 and phosphorylation of PAK2 were also abolished (Figures 6c and d) . Whereas a decrease in the expression levels of total cofilin 1 could be observed in neurons downregulated for GRP78, total PAK 2 levels remained unchanged.
These results show that GRP78 is required for the stabilizing action on the neuronal actin cytoskeleton triggered by extracellular Syns. Figure 5 Clustering of Syn and GRP78 in microdomains on the external leaflet of the neuronal plasma membrane. (a) Distribution of the normalized detachment work (w/w 0 ) in AFM assays (colloidal probe, Ø 4 mm) performed in 10 DIV cortical neurons in the absence (left graphs) or presence (right graphs) of 5 mM wt Syn. Neurons were incubated with anti-Syn monoclonal antibody (upper graphs) or anti-GRP78 polyclonal antibody (lower graphs), followed by a rabbit anti-mouse or anti-goat secondary antibody, respectively (black). After the measurement, an excess of secondary antibody was delivered to the same sample to test for unspecific binding (red). (b) Quantification of w/w 0 in samples as in a, normalized for w/w 0 measured after block. (c) Pseudocolor bi-dimensional maps representing the number of recognition events obtained with a sharp functionalized AFM tip, during recognition in the presence of a species-specific secondary antibody (left panels) and after the block due to an excess of secondary antibody (right panels) (3600 force/distance curves, acquired on a 3 Â 3 mm 2 neuronal surface area). Maps were obtained in the presence or absence of 5 mM wt Syn; in the figure, the specific binding of Syn (first row) and of GRP78 (third row) to the cell-surface of neurons is indicated by the increase in green-yellow pixels, clustered in discrete domains. In b, -Syn anti-Syn Ab, n ¼ 174; þ Syn anti-Syn Ab, n ¼ 198; -Syn anti-GRP78 Ab, n ¼ 269; þ Syn anti-GRP78 Ab, n ¼ 301. Statistical significance was determined by one-way ANOVA followed by Dunnett's test for multiple comparison, *Po 0.05 The actin cytoskeleton is a target for Syn in primary fibroblasts from PD patients. To verify whether an excess of Syn could affect actin cytoskeleton also in cells from PD patients, we used primary fibroblasts, which are known to express Syn. Fibroblasts isolated from human skin biopsies of four patients bearing genetic PD (3 Syn-duplication; 1 Syntriplication) appeared larger than control fibroblasts and showed a dramatic increase in the number and thickness of actin stress fibers (Figures 7a and b) . As expected, PD fibroblasts expressed increased amounts of Syn as compared with controls ( Figure 7c ). The increased expression of Syn correlated with a threefold increase in the phosphocofilin 1/cofilin 1 ratio in PD fibroblasts with respect to controls (Figures 7c and d, Supplementary Figure 6 ). Thus, in PD fibroblasts, Syn activates the same pathway that leads to actin stabilization in neurons, resulting in increased formation of stress fibers.
To address whether the increased Syn expression leads to its increased release in the medium, 48 h-conditioned media were immunoprecipitated with anti-Syn antibody (Figure 7e) . Syn was present at concentrations of 2.5 and 1 pM in the medium of Syn 3X and control fibroblasts, respectively.
To demonstrate that Syn, released in excess from PD fibroblasts, is the cause of the increased formation of stress fibers, we compared the actin morphology of control fibroblasts incubated with either 0.1 mM purified Syn or the medium derived from Syn 3X fibroblasts; as control, fibroblasts were incubated with the medium derived from distinct control cells. In the presence of extracellular Syn, the actin cytoskeleton appeared altered (Figure 7f ), similarly to that of PD fibroblasts (Figure 7a) . Importantly, immunodepletion of Syn from Syn 3X fibroblasts medium was no longer inducing formation of actin stress fibers (Figures 7f and g ). These data provide evidence that disease-affected fibroblasts, carrying multiplications of Syn-coding gene, show specific alterations in their actin cytoskeleton organization, which depend on the presence of Syn in the extracellular milieu.
Discussion
The present results reinforce the hypothesis that release of Syn is a physiological event, which also contributes to the spreading of Syn-derived pathology, 26 indicating extracellular Syn as a biomarker for related diseases. 27 We previously demonstrated that actin is a target for intracellular Syn, and that wt and A30P-mutated Syn differentially modulate actin dynamics. 13 Here, we provide evidences that the extracellular accumulation of either wt or A30P Syn correlates with an unbalance of actin turnover, resulting in microfilament stabilization. Extracellular Syns, delivered either as purified monomeric proteins in unfolded conformation or with the medium of overexpressing neurons, induced the formation of large lamellipodia-like actin protrusions along the neurites and at their tips. Microfilaments appeared stabilized, with depolymerization-resistant actin structures clustered in spots along the cell periphery. Functional consequences, such as defects in axon elongation, are present at early stages of neuronal development.
Albeit exosomes might be involved in Syn release, 22 the culture media collected from electroporated neurons contained soluble, rather than membrane-associated Syns. Syns could be extracellularly released in picomolar concentration, in agreement with the circulating levels of the protein detected in biological fluids. 15 The evidence that high concentrations of extracellularly applied wt Syn (1 mM) were acting similarly to A30P mutant (active at lower dosage, that is, 0.1 mM) is consistent with the pathological role acquired by the wt protein upon accumulation, as it occurs in PD cases of gene multiplications. [5] [6] [7] The different concentration of purified or released Syns needed to achieve a similar effect on actin cytoskeleton might be due to conformational changes of their structure. During their extracellular release, Syns are exposed to the acidic environment of intracellular organelles, which might influence their conformation, 28 whereas it is possible that only a small fraction of extracellularly added recombinant Syns are active.
In our in vitro system, the exposure to extracellular Syns did not result in neuronal toxicity, and cell loss was evident only after 14 days of exposure. This suggests that actin alterations due to monomeric Syns may represent an early event in Syninduced pathology, taking place before toxicity via non-cell autonomous pathways, and opening the possibility of their use as early biomarkers of the disease.
We report that extracellular Syns tune the activation of modulators of actin dynamics. In particular, the presence of Syns correlated with increased activation of the small GTPase Rac 1, which is known to promote actin polymerization at the leading edge of cells. 29 Activation of Rac 1 resulted in increased phosphorylation of its main substrate PAK 2, leading to phosphorylation of cofilin 1, an essential regulator of actin dynamics, and to inhibition of its actin depolymerizing activity. 30 Inactivation of cofilin 1 is consistent with the observed morphological changes of neuronal cytoskeleton, that is, actin stabilization and resistance to depolymerization. 31 We identified GRP78 as the protein that, in the presence of extracellular Syns, relocates to the plasma membrane and interacts with Syns. GRP78 is a major ER chaperone protein 23 involved in the UPR, which is frequently altered in neurodegenerative diseases, 32 known to interact with Syn in the ER in stress conditions. 33, 34 We provided evidence that the binding of extracellular Syns to GRP78 occurs at the cell surface and leads to its clustering in discrete membrane domains, possibly as a consequence of inhibition of its lateral movement along the plasma membrane, and of its decreased recycling. Alternatively, Syn might induce clustering of GRP78 at the cell surface through changes in membrane composition, curvature and integrity. 35 Indeed, alteration of membrane processes has been proposed as the mechanism leading to surface-accumulation of transferrin receptor by extracellular Syn oligomers. 36 Experiments of siRNA-mediated knockdown of GRP78 indicated that GRP78 is necessary for the activation of the signaling cascade leading to inactivation of cofilin 1 and cytoskeleton alterations, possibly through the formation of macromolecular complexes that act as signaling platforms. We can hypothesize that the decrease in the expression levels of total cofilin 1 observed upon downregulation of GRP78 might be due to a negative feedback activated by the neurons to counterbalance hyperactive, unphosphorylated cofilin 1.
The relevance of cytoskeletal alterations in the pathogenesis of PD was confirmed by the analysis of primary fibroblasts from patients with early onset genetic PD, due to duplication or triplication of SNCA. Increased Syn level was shown also in fibroblasts from sporadic PD patients, confirming the relevance of Syn dosage in pathology. 37 Syn multiplications correlated with a dramatic increase in randomly oriented actin stress fibers, consistent with previous observations on fibroblasts from idiopathic PD patients. 38 Diseased cells also showed an increase in the phosphorylation of cofilin 1, similarly to neurons exposed to Syns. The increase in Syn expression in PD fibroblasts correlated with an increased release of Syn that was responsible for propagation of the observed cytoskeletal alterations; in fact, the medium derived from Syn 3X fibroblasts triggered the pathological actin phenotype in control cells, and lost this capability once cleared of Syn.
In conclusion we identified a new mechanism and a novel target for extracellular Syn at the plasma membrane and demonstrated that the impaired dynamics of the cytoskeleton in neurons is due to interaction of monomeric Syn with surface-exposed GRP78. The model shown in Figure 8 illustrates the hypothetical mechanism of action of endogenous and exogenous Syn. Although intracellular Syn contributes to maintain actin in a depolymerized state through direct binding and sequestration of monomers, high concentrations of extracellular Syn activate a pathway leading to cofilin 1 inactivation and stabilization of microfilaments, thereby contrasting the physiological regulatory role of the endogenous protein.
Our results also suggest that primary fibroblasts could represent a useful tool for screening and early diagnosis.
The microtubular cytoskeleton has already been identified as a target for therapy in neurodegenerative diseases; 39, 40 here, we propose that drugs acting on the actin cytoskeleton have potential use in the treatment of PD. In addition, as depletion of the medium from Syn was sufficient to reduce the propagation of cytoskeletal pathology, the reduction of the circulating levels of Syn might be an additional therapeutic target at early stage of the disease, as suggested and reviewed in. 41 Materials and methods Reagents. All solvents were from VWR (Radnor, PA, USA) and the other chemicals were from Merck (Darmstadt, Germany). Fluorescent-conjugated secondary antibodies, either coupled to fluorescein isothiocyanate (FITC), tetramethylrhodamine isothiocyanate or pacific blue were from Jackson ImmunoResearch (Newmarket Suffolk, UK); horseradish peroxidaseconjugated secondary antibodies were from Bio-Rad (Hercules, CA, USA); FITCconjugated phalloidin, HOECHST, sytox orange and 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 tetraethilbenzimidazolocarbocyanine iodide (JC-1) were from Molecular Probes-Life Technologies.
Plasmids and siRNA-targeted sequences. The DNA fragments coding for human wt or A30P Syn including the stop codon were inserted into pEGFP-N1 vector (Clontech, Saint-Germain-en-Laye, France) and used for electroporation experiments in hippocampal neurons; as a control, the empty pEGFP-N1 vector was used. The GST-PAK-CRIB plasmid was a gift from Professor Ivan de Curtis (Ospedale San Raffaele and Vita-Salute University, Milan, Italy). Sequences for siRNA siGENOME were obtained from Dharmacon-Thermo Scientific (Lafayette, CO, USA). The siRNA sequence targeting mouse GRP78 was 5 0 -GGAAUGACCC UUCGGUGCA-3 0 (accession number NM_022310, catalog number D-040337-02); the catalog number for the non-targeting siRNA was D-001206-14. MISSION esiRNA sequences were obtained from Sigma-Aldrich (St. Louis, MO, USA). The catalog number of esiRNA sequences targeting mouse GRP78 was EMU051691 (Ensembl accession number ENSMUSG00000026864, NCBI accession number NP_071705), whereas MISSION esiRNA targeting Firefly Luciferase was used as a negative control (catalog number EHUFLUC).
Protein purification. Constructs encoding the human full-length wt or A30P Syn inserted in the pET21d plasmid were a kind gift from Dr. Brett Lauring (Columbia University, New York, NY, USA). Purification was performed as in, 13 followed by gel filtration in Superdex 75 10/300 column (GE Healthcare Life Sciences, Uppsala, Sweden). Denaturing of Syns was achieved by boiling the proteins for 5 min at 100 1C. Syn peptides (amino acids 12-23, 34-45 and 61-78) were obtained from Primmbiotech (Milano, Italy).
Primary embryonic mouse cultures. Primary neuronal cultures were prepared from the hippocampi or cortices dissected from C57BL/6 S E18 mice carrying a chromosomal deletion encompassing the locus gene for Syn (Harlan, Udine, Italy). 42 Animals were maintained in a pathogen-free animal facility. All experiments were performed in strict accordance with experimental procedures approved by the Animal Care and Use Committee of the Ospedale San Raffaele (Milan, Italy) and by the Italian Ministry of Health.
Primary hippocampal neurons were prepared as in 43 and plated either on glass coverslips (density of 2500 cells/cm 2 ), or on plastic petri dishes (density of 10 000 cells/cm 2 ) (see Supplementary Materials and Methods, Hippocampal neuronal cultures). Cortical neurons were prepared as in 44 and plated on plastic Petri dishes (density 26 000 cells/cm 2 ) (see Supplementary Materials and Methods).
Primary skin fibroblast cultures. Human fibroblasts (see Supplementary Materials and Methods) were cultured in Eagle's minimal essential medium (MEM, Gibco-Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (EuroClone GE Healthcare Life Sciences), 110 mg/l sodium pyruvate (Sigma-Aldrich), 2 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin (all from Gibco-Life Technologies) and maintained at 37 1C in a humidified atmosphere with 5% CO 2 . In all assays, the fibroblast passage numbers were matched (o10).
Electroporation of hippocampal neurons. Primary hippocampal neurons were electroporated in suspension immediately after dissociation, 45 using the Basic Nucleofector Kit for primary neurons on the O-05 program (Amaxa Biosystems, Cologne, Germany). Neurons were electroporated with the constructs of interest (3 mg DNA plasmid/1 500 000 neurons) or with the specific siRNAtargeted sequences (with a mixture containing (2 mg esiRNA þ 2 ng siGENOME siRNA)/1 500 000 neurons) and plated on glass coverslips, or on plastic Petri dishes, as described above. Electroporated neurons were used at 4 DIV.
Exosome preparation. Neuronal culture media were collected after 4 DIV and centrifuged at 4000 Â g for 10 min at 4 1C to remove cell debris. The isolation of the externalized membrane vesicles was performed as previously described. 22 Briefly, the culture medium was centrifuged at 100 000 Â g for 2 h at 4 1C in a TLA Beckman Coulter ultracentrifuge (Palo Alto, CA, USA). The supernatant (S100) was collected and concentrated by a speed vacuum concentrator (Eppendorf concentrator plus, Hamburg, Germany) and the pellet (P100) containing externalized vesicles was reconstituted in Laemmli buffer. S100 and P100 fractions were then analyzed by SDS-PAGE and immunoblotting (see Supplementary Materials and Methods).
Remodeling of the actin cytoskeleton and image analyses. Hippocampal neurons were grown in culture for 1, 4 or 14 DIV and incubated at 37 1C in the presence or absence of wt or A30P Syn (1 h with 1 mM purified recombinant wt or A30P Syn; overnight treatment with Syn-containing media); control incubations were obtained by adding the chromatographic elution buffer (for neurons which were treated with purified Syns), or by applying the medium collected from cultures of pEGFP-N1-electroporated neurons (for neurons that were treated with Syn-containing media). Neurons were fixed at rest or after LatA (Molecular Probes-Life Technologies)-induced-actin depolymerization 17, 46 and Figure 8 Hypothetical model of Syn mechanisms of action. Wt intracellular Syn sequester actin monomer in a contest in which the severing protein cofilin 1 is active. Increased levels of extracellular Syn shift the balance of actin dynamics toward polymerization. This effect is achieved through the inactivation of cofilin 1 by phosphorylation, triggered by the clustering of GRP78 at the plasma membrane and activation of the depicted signaling pathway then processed for whole-cell indirect immunofluorescence (see Materials and Methods); treatment with LatA was performed for 1 h at 37 1C at 1 mM final concentration. Images were acquired in an Axiovert 135 inverted microscope (Zeiss, Oborkochen, Germany), equipped with epifluorescence optics and recorded with a C4742 ORCA II cooled charge-coupled service camera (Hamamatsu Photonics, Hamamatsu City, Japan). Confocal images were acquired in a Leica SP2 confocal microscope, using a Leica 63X objective lens (NA 1.4; Leica Microsystems, Wetzlar, Germany). Actin protrusion areas were calculated by subtracting the projection areas of b-tubulin III staining from the projection areas of F-actin staining (fluorescent phalloidin). All images were analyzed with the custommade ImageJ routine (NIH, Bethesda, MD, USA), after subtraction of the same arbitrary threshold. The development and organization of neural processes were evaluated using Sholl analysis. 47 Concentric rings with a regular radial increment of 7 mm were centered on the neuronal soma (considered as having a 20 mm diameter) and the number of processes intersecting each of the five rings was counted. The length of each axon was measured using an ImageJ plugin.
Rac 1 activity assay. Hippocampal neurons were grown in culture for 14 DIV and then incubated for 1 h in the absence or presence of 1 mM wt or A30P Syn. Neurons were homogenized at 4 1C in extraction buffer (10% glycerol, 100 mM NaCl, 1% NP40, 2 mM MgCl 2 , 50 mM Tris/HCl pH 7.4, supplemented with protease and phosphatase inhibitors (Sigma-Aldrich)) and centrifuged at 10 000 Â g for 10 min at 4 1C. Samples (150 mg protein) were incubated for 1 h at 41C with 50 ml glutathione-agarose beads (Sigma-Aldrich), pre-adsorbed with the bacterially purified GST-PAK-CRIB fusion protein, as described in. 48 As a positive control, a fraction (1/10) of the neuronal lysate was loaded in vitro for 10 min at 37 1C with 0.1 mM GTPgS in 20 mM Hepes/KOH pH 7.5, 50 mM NaCl, 1 mM EDTA and 1 mM dithiotreitol, as in Albertinazzi et al. 49 Loading was stopped by adding MgCl 2 to 5 mM final concentration. After performing the Rac1-GTP pull-down assays, samples were analyzed by SDS-PAGE and immunoblotting (see Supplementary Materials and Methods).
Cell-surface labeling and IP assays. Hippocampal neurons were grown in culture for 14 DIV and then incubated for 1 or 4 h in the presence or absence of 1 mM wt or A30P Syn, washed twice with cold Hank's Balanced Buffered Saline containing 1 mg/ml glucose and incubated with the impermeable biotin-conjugated compound EZ-Link Sulfo-NHS-LC-Biotin (Amersham-GE Healthcare) at 0.6 mg/ml final concentration. 50 The biotinylation reaction was stopped by incubation with 1% bovine serum albumin (BSA, Sigma-Aldrich) for 10 min at 4 1C and neurons were lysed in 1% SDS, 50 mM Hepes/KOH pH 7.4, 150 mM NaCl, 5 mM EDTA pH 8.0, supplemented with protease and phosphatase inhibitors. SDS-solubilised proteins were isolated by spinning at 300 000 Â g in a TLA 100 Beckman Coulter ultracentrifuge and then diluted 1 : 10 to reach a 0.1% SDS final concentration. Solubilised proteins were used to perform pull-down assay of biotin-labeled proteins, or IP assays with a specific antibody. Biotin-labeled proteins were precipitated by pull-down assay with 50 ml streptavidin-conjugated sepharose beads (Amersham-GE Healthcare); for IP assays of GRP78, biotinylated protein samples were incubated with 2 mg anti-GRP78 antibody adsorbed to 50 ml protein G-sepharose beads (Amersham-GE Healtcare). Beads were incubated for 2 h at 4 1C on a rotating wheel, washed three times in 0.1% SDS, 50 mM Hepes/KOH pH 7.4, 150 mM NaCl, 5 mM EDTA pH 8.0 and protein samples were eluted in Laemmli buffer and analyzed by SDS-PAGE and immunoblotting (see Supplementary Materials and Methods).
Atomic force microscopy. Cortical neurons, grown in culture for 10 DIV, were incubated with 5 mM wt Syn for 2 h at 37 1C, fixed with 4% paraformaldehyde and then incubated for 1 h with anti-Syn (1 : 50) or anti-GRP78 (1 : 20) antibodies. Neurons were then fixed again and stored at 41C until AFM acquisition.
Functionalized colloidal probes (see Supplementary Material and Methods) were mounted on a Nanowizard III system (JPK Instruments, Berlin, Germany) coupled to an Axio Observer D1 (Zeiss) inverted optical microscope. A single force spectroscopy point was selected on the cell soma directly from the optical image; the exact superimposition between optical images and the AFM tip position was obtained by using the Direct Overlay routine of the AFM acquisition software (JPK Instruments). A maximum force of 0.6 nN was applied to the cell and the bead/cell contact was maintained for 3 sec. The velocity of the probe retraction was 3 mm/sec. The same AFM system was used also with the NPG functional probes. Force maps of 60 Â 60 force spectroscopy points were collected on 3 Â 3 mm 2 area on the cell soma. In the case of the NPG probes, the maximum force applied was reduced to 0.25 nN, in order to avoid significant indentation. The retraction velocity was kept constant at 3 mm/s and the tip/cell contact was maintained for 0.1 sec. Negative controls were obtained by adding a secondary antibody solution (0.02 mg/ml) in the AFM measurement chambers, to block the recognition signal. Thirty minutes after, the excess secondary antibody was removed by perfusing new buffer in the AFM liquid chamber and the recognition measurement was repeated on the same cell, taking into account a small drift due to thermal effect. The actual spring constant of each cantilever was determined in situ, using the thermal noise method. 51 Image elaboration and statistics. Image composition and drawing were done with the use of Adobe Photoshop (Adobe System, San Jose, CA, USA). Data were analyzed using Microsoft Excel software and expressed as mean values ± standard deviation (S.D.). Prism software (Graph Pad, La Jolla, CA, USA) was used to perform one-way ANOVA followed by Dunnetts's test for multiple comparisons, to assess the statistical significance (P-values o0.05 were considered significant).
For AFM experiments, F-D curves were analyzed using the JPK Data Processing software or by homemade Matlab routines (Natick, MA, USA). F-D curves were corrected for the bending of the cantilever 52 to calculate the tip-sample separation (F-I curves). To quantify the adhesion between cell and the colloidal probes, the total area delimited by the part of the retracted curve below the F-D curve baseline, providing an estimate of the detachment work (W detach ), was considered. F-I curves acquired with NPG probes were fitted with the worm-like chain model in order to eliminate the unspecific unbinding events. The number of rupture events was considered, as well as the maximum rupture force (F max ) for each curve. The number of rupture events and the F max of each curve were reported in bi-dimensional maps. The same maps were acquired after blocking the probe recognition capability, as described in the previous section.
